ment is the capsid protein (Saito et al., 1990) . In other viruses, the latter has been shown to be entirely dispensable for systemic movement; for example barley stripe mosaic hordeivirus (Petty & Jackson, 1990 ) and tomato golden mosaic geminivirus (Gardiner et al., 1988) . Taking these factors into consideration, we investigated the distribution of SBMV-C virions and capsid protein antigens in thick and thin sections of tissue co-infected with SHMV and SBMV-C to improve our understanding of the factors involved in the 'helper effect' of SHMV.
Methods
Virus inoculation and propagation. Phaseolus vulgaris L. cv. Bountiful and Vigna unguiculata L., hereafter referred to as bean and cowpea respectively, were inoculated with SBMV-C, SBMV-B and SHMV as described (Fuentes & Hamilton, 1991) . Both SBMV-C and SBMV-B were purified from infected leaf tissue of cowpea and bean, respectively, 12 to 18 days post-inoculation (p.i.) according to established protocols (Tremaine et at., 1981) . SHMV was propagated in bean and purified by the method of Kassanis & Varma (1975) .
Preparation of antibodies.
Antibodies used for tissue print immunoblotting and immunomicroscopy were raised in rabbits following five weekly intramuscular injections, 1 mg each, of purified SBMV-C virions. Rabbit blood was collected when titres reached 1:1024 by microprecipitin tests. Immunoglobulins were precipitated from antisera with ammonium sulphate and subsequently purified by DEAE-0001-1600 © 1993 SGM Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
On: Tue, 18 Dec 2018 03:40:56 cellulose column chromatography as described by Clark et al. (1986) .
Concentration of immunoglobulins was adjusted to 1 mg/ml (A280 = 1"4) and the solutions were stored at -20 °C.
Tissue print immunoblotting. Primary leaves of bean and cowpea mechanically inoculated with SHMV and SBMV-C, as well as mockinoculated leaves, were harvested 12 days p.i. Tissue prints were performed essentially as described by Cassab & Varner (1987) . Exposed surfaces of 1 mm thick leaf cross-sections were blotted onto pretreated nitrocellulose membranes (Schleicher & Schuell, no. BA85, Mandel Scientific) . The remaining free binding sites on the nitrocellulose paper were blocked by submerging the sheet in 2 % BSA and 1% Triton X-100 in TBS (0.01 M-Tris HC1 pH 7-4, 0.85% NaCI) overnight at 4 °C. SBMV-C capsid protein antigens were detected using alkaline phosphatase-conjugated antibody as described by Blake et al. (1984) .
Primary antibody against SBMV-C was diluted to 0.5 gg/ml in 1% BSA, 0.3% Triton X-100 and 0.05% Tween-20 in TBS. After a 1 h incubation at 37 °C with the primary antibody, the membranes were washed and incubated for 1"5 h in anti-rabbit IgG alkaline phosphatase conjugate (Sigma, Lot 110H8820) diluted 1:10000 with TBS-0.05 % Tween-20. Membranes were further washed and substrate solutions, BCIP (5-bromo-4-chloro-3 indolyl phosphate) and NBT nitroblue tetrazolium) (both from Gibco-BRL), were added. The membranes were incubated in substrate solution until purple prints appeared. The reaction was stopped by addition of EDTA (final concentration 5 raM) in 20 mM-Tris HC1 pH 7.5, followed by incubation for 10min at room temperature. Membranes were then washed in distilled water and dried between several layers of filter paper.
Immunosorbent electron microscopy. Copper grids, 400-mesh, with a carbon-coated Formvar support film, were floated on drops of Protein A solution (10 lag/ml in distilled H20 ) for 10 min. Grids were washed once in PBS pH 7.4, floated for 10 min in drops of anti-SBMV IgG (100 gg/ml), diluted in PBS and washed again in PBS. Samples of inoculated and healthy plants were homogenized in PBS and pretreated grids were floated on droplets of sap and incubated at room temperature for 1 h. After incubation, grids were washed on several drops of bacitracin (100 pg/ml) and then stained with a 2% aqueous solution of uranyl acetate, pH 7.4. Preparations were examined with a Hitachi 600 transmission electron microscope.
Tissue fixation and embedding for electron microscopy. Samples from inoculated and healthy bean and cowpea leaves were cut into 1 mm ~ pieces and placed in 4% glutaraldehyde in 0.1 M-cacodylate buffer pH 7.0, for 12 to 18 h at 4 °C. After washing twice in 0.1 M-cacodylate buffer, specimens were post-fixed in 1% OsO 4 for 1 to 3 h, rinsed and washed in distilled water. For immunolabelling of antigenic sites, an alternative fixative of 1% glutaraldehyde, 0-2% picric acid, 4% formaldehyde and 0.05 mM-CaCI z in 0"1 M-phosphate buffer pH 7.4, was used, following the method of Berryman & Rodewald (1990) . Ribosomes, which interfere with the observation of isometric viruses in infected tissue, were selectively destroyed by treating some sections with pancreatic RNase (type IIl, Sigma) according to Hatta & Francki (1981) . For Epon embedding, samples were dehydrated in ethanol; alternatively, fixed tissue was dehydrated in acetone and embedded in LR White medium.
Ultrathin sections were cut with a Reichert OMU2 ultramicrotome, collected on 100-mesh nickel grids and stained with a 4% aqueous solution of uranyl acetate, pH 7.4, or SBMV-C antigens were labelled with gold-tagged Protein A.
Immunogold labelling of antigens. Colloidal gold was prepared by reduction of hydrochloroauric acid with sodium citrate which resulted in suspensions of colloidal gold particles with average diameters of 5, 10 and 17nm (Frens, 1973; Slot & Geuze, 1981) . The gold in these suspensions was then complexed with Protein A as described by Horisberger & Rosset (1977) . Ultrathin sections on grids were pretreated with PBS containing 1% lysine, washed with PBS-BS~ Tween and floated on drops of anti-SBMV IgG, 10gg/ml in PBS-BSA-Tween. Protein A-gold suspensions were diluted to 1 : 5 in PBS-BSA-Tween and grids were placed on drops for 30 to 60 rain, washed and stained with lead citrate and uranyl acetate, pH 7-4.
Electrophoresis and Western blotting of viral proteins. Soluble proteins from infected and healthy plants were isolated according to Gegenheimer (1990) . Viral proteins from purified virus preparations and soluble protein preparations from healthy and infected plants were analysed by SDS-PAGE through 12% gels using a discontinuous buffer system (Laemmli, 1970) . Proteins were transferred to Teflon membranes (Millipore Immobilon P) using a wet-blot apparatus (Hoefer Scientific). SBMV-C proteins were detected using an anfi-SBMV-C monoclonal antibody, F8508-4D6 (kindly provided by Dr D. J. MacKenzie, Agriculture Canada Research Station, Vancouver, Canada).
Results

Distribution of viral antigen in thick sections of leaf by tissue blot analysis
Efficient transfer of leaf and viral proteins was achieved by pressing freshly sectioned material onto nitrocellulose membranes. Tissue blots of strips from primary leaves of bean inoculated with SBMV-C and SHMV collected 7 and 12 days p.i. and probed with SBMV-C antibodies presented a deep colour in areas corresponding to mesophyll and epidermal cells of the leaf but no positive signal was detected in areas corresponding to the vascular bundles of the vein (Fig. 1 a) . The light zones represent background but are clearly distinguishable from the positive dark areas, as shown by comparing prints of doubly infected primary leaves of bean (Fig. 1 a) and those corresponding to healthy bean (Fig. 1 b) . Positive controls of SBMV-C in infected primary leaves of cowpea showed a deep stain in certain areas corresponding to the mesophyll and the vascular tissue (not shown) or throughout the entire section (Fig. 1 c) .
Distribution of viral particles in thin sections of leaf and petiole following standard osmium tetroxide fixation
Samples were compared from three different treatments of bean primary leaves: (i) SBMV-B/SHMV-infected; (ii) SBMV-C/SHMV-infected; and (iii) healthy primary leaves. In sections of SBMV-B/SHMV-infected material, both viruses were clearly visible in mesophyll and phloem companion cells. SBMV-B was also found in vesicles in the cytoplasm as well as in the nucleus (Fig. 2a, b) . However, in sections of SBMV-C/SHMV-infected tissue, only SHMV was clearly visible in the mesophyll and phloem companion cells; no vesicles containing SBMV- C particles were found in the cytoplasm (not shown). Some 'virus-like' particles could be seen alongside the plasmalemma, but these were very similar to ribosomes, also found in healthy tissue (not shown).
In RNase-treated tissue infected with SBMV-B/SHMV, some deterioration of the cells was observed, ribosomes were generally absent, and both viruses were clearly visible (not shown). Although cellular deterioration occurred in tissue inoculated with SBMV-C/SHMV, SHMV was readily detected but SBMV-C particles were not seen in the cells. Healthy controls also showed cell disruption after treatment, but no ribosomes were seen, showing that enzyme treatment was effective.
Distribution of viral particles in thin sections of leaves by immunogotd labelling
Tissue was fixed for gold labelling after it had been blotted on nitrocellulose paper and tested for the presence of SBMV capsid antigen, as described above. From blots showing positive signals on the filters, strips were obtained, treated further and embedded for sectioning and immunogold labelling. Positive controls included bean tissue inoculated with SBMV-B/SHMV and cowpea tissue inoculated with SBMV-C. In both cases, large amounts of gold-labelled virus particles were found in the mesophyll and vascular parenchyma (Fig.  3 a, b, c, d ). However, no SBMV-C particles were found in bean tissue inoculated with SBMV-C/SHMV (Fig.  3e) , but in some of the mesophyll cells, clumps of amorphous material appeared heavily labelled (Fig. 3J) . These clumps were seen in large vacuoles where SHMV particles were also present but were never observed in tissue infected with SBMV-B/SHMV. Similar amorphous material was observed in cowpea protoplasts inoculated with cowpea chlorotic mottle bromovirus (van Lent, 1988) .
Electron microscopy observations after trapping of SBMV-C from doubly infected leaves by SBMV-C antibodies
Immunosorbent electron microscopy of extracts from primary leaves of bean doubly inoculated with SBMV-C and SHMV resulted, in some cases, in grids covered with small particles of about 15 to 20 nm (Fig. 4a) . These particles corresponded to the T = 1 structure which is assembled from 60 coat protein subunits instead of 180 subunits in typical virions (T = 3 structure) (Caspar & Klug, 1962) . Homogenates from cowpea infected with SBMV-C/SHMV and trapped with the same antibody resulted in grids covered with particles of about 28 to 30 nm (Fig. 4b) , the size of typical virions (Hull, 1977) . No particles were seen in extracts of crude sap from healthy plants treated in the same manner (not shown).
Electrophoresis and Western blotting of soluble proteins from infected leaves
Total soluble proteins extracted from primary leaves of both infected and healthy bean and cowpea were electrophoresed in 12 % denaturing SDS-polyacrylamide gels. Western blots using monoclonal SBMV-C antibodies showed no differences in the migration of SBMV-C coat protein (29K) from primary leaves of cowpea and bean infected with SBMV-C/SHMV (data not shown). 
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Discussion
The results of the present study suggest that, in mixed infections with SHMV, SBMV-C does not move into the vascular system of bean plants nor do the genomic RNA and capsid protein assemble efficiently into a T = 3 structure typical of SBMV-C particles. Cell-to-cell movement of non-encapsidated SBMV-C RNA could be explained by a process proposed for tobacco mosaic virus (TMV) in which the 30K movement protein, a nucleic acid-binding protein (Citovsky et al., 1990) , forms a complex with unfolded viral RNA which is delivered to the plasmodesmata (Citovsky & Zambryski, 1991; Citovsky et al., 1992) . Interaction of the movement protein with the plasmodesmata results in a change of their size-exclusion limits (SEL), thus allowing translocation of the viral nucleic acid. Since the binding of the RNA by the 30K protein is non-specific (Citovsky et al., 1990) , an analogous transport protein of SHMV could bind SBMV-C ssRNA and transport it in the symplast.
In this study, the SBMV-C antigen was detected only in the epidermal, mesophyU and parenchyma cells surrounding the phloem tubes of bean primary leaves coinfected with SHMV (Fig. 1 a) . In contrast, it was found throughout the mesophyll and conducting bundle in primary leaves of cowpea infected with SBMV-C (Fig.  1 c) . These results confirm and extend previous findings (Fuentes & Hamilton, 1991) and indicate that shortdistance (cell-to-cell) and long-distance (vascular) movement of SBMV-C are distinct and separate processes in bean. Other evidence supporting the involvement of these two processes in virus movement was provided by Ding et al. (1992) who showed that the movement protein of TMV in transgenic tobacco plants was localized only in secondary (branched) plasmodesmata of mesophyll, bundle sheath and phloem parenchyma cells. Its presence increased plasmodesmatal SEL in mesophyll and bundle sheath cells but not that of secondary plasmodesmata between bundle sheath and phloem parenchyma cells. Furthermore, the movement protein was rarely detected in plasmodesmata between vascular cells. Ding et al. (1992) suggest that additional plant-and/or virus-encoded protein(s) are required to modify plasmodesmatal SEL for loading of viruses into phloem.
The fact that SHMV, in both single and mixed infections, moved systemically in bean yet did not complement the long-distance movement of SBMV-C, implies that a specific virus~lant interaction regulates viral movement between bundle sheath cells and phloem parenchyma, in agreement with suggestions that viral movement is probably regulated by specific virus-plant interactions (Atabekov & Taliansky, 1990; Hull, 1989) . Two aspects of the coat protein may be involved in regulating long-distance movement. One is the requirement for a functional coat protein, by some viruses, for such movement (Siegel et al., 1962; Dawson et al., 1988; Saito et al., 1990) , and the results of this paper suggest that systemic movement of SBMV depends on formation of stable virions. Examination of thin sections of primary leaves of bean, doubly infected with SHMV and SBMV-C, failed to reveal the presence of intact SBMV-C virions (Fig. 3 e, f) . Furthermore, sections from SBMV-C/SHMV-infected leaves labelled with gold revealed the presence of heavily labelled clumps or strands of amorphous material, but no typical virus particles (Fig. 3e, f) . The presence of this amorphous material, which appears to be viral, is correlated with the high levels of capsid antigen detected previously by ELISA (Fuentes & Hamilton, 1991) , and suggests that SBMV-C virions are either unstable or fail to assemble efficiently in bean plants. The SBMV-C capsid protein gene is expressed normally in mixed infection of bean and cowpea with SHMV (Fuentes & Hamilton, 1991) . It is unlikely that SHMV replication interferes with assembly of SBMV-C because normal SBMV virions are assembled during co-infection by both viruses in cowpea (Fig. 3 c, d ), suggesting that the failure of SBMV-C to form stable virions in bean is host-associated. However the role of host gene products in the assembly of SBMV-C virions was not addressed in the present study, but it is possible that the response of bean to infection by SBMV-C, which is essentially a resistant one, may affect the assembly or stability of SBMV-C virions. Immunosorbent electron microscopy of leaf dips showed that SBMV-C virions (T = 3) were rarely present, but in some cases (< 10 %) the grids were covered with particles of a diameter corresponding to a T = 1 configuration (Fig.  4a) . Failure of SBMV-C to assemble properly may prevent long-distance movement as shown in studies on the inefficient and sporadic movement of TMV RNA mutants that either fail to express coat protein or contain deletions or insertions in the coat protein gene (Siegel et al., 1962; Dawson et al., 1988; Saito et al., 1990) .
A second aspect in the regulation of systemic spread may be the need for a compatible interaction between the viral capsid protein and the host as shown recently for a chimeric tobamovirus (Dawson & Hilf, 1992) . The hybrid virus, containing an exact exchange of the coat protein open reading frame of odontoglossum ringspot tobamovirus for that of TMV, replicated and moved efficiently from cell to cell in tobacco leaves. Although virions accumulated to a high level, the chimeric virus was unable to move systemically. Their results suggest that co-evolution of virus and host probably favours systemic invasion of the host. If vascular movement of SBMV requires stable assembly of virions, such movement may further depend upon compatibility between viral protein and host-specific targets, probably proteins. The interaction between SBMV-B and bean is compatible, but is apparently not between SBMV-C and bean, thus resulting in the failure of SBMV-C to move systemically. Since SBMV-B moved systemically in bean, one way of investigating the role of the coat protein would be to replace the gene coding for the SBMV-C coat protein with that from SBMV-B and then observe the behaviour of this hybrid in bean.
The results from this study imply that the nature of the presumably infectious form of SBMV-C that moves from cell to cell in SBMV-C/SHMV-infected bean is different from that required for long-distance movement and that these types of movement are distinct processes controlled by different genetic factors.
